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A STUDY OF BOUNDARY LAYER TRANSITION 


ON OUTGASSING CONES IN HYPERSONIC FLOW 


By C. J. Stalmach, Jr., J. J. Bertin*, 
T. C. Pope and M. H. McCloskey** 
Vought Aeronautics Company 
Dallas, Texas 


SUMMARY 


Surface heat-transfer rates and pressures were measured at hypersonic 
speeds on sharp cones at zero angle of attack with and without gas injection. 

Dhe non-injection results were employed as reference data for the definition 
Df the effects of surface roughness and injectant rate, distribution and com- 
position on heating and transition location. For a given mass injection rate 
'.he transition location was sensitive to the injection distribution. The 
transition Reynolds numbers were significantly greater when the injection dis- 
tribution was constant than when the distribution decreased rapidly with dis- 
tance from the apex. Similarly the measured heat-transfer distributions were 
strongly dependent upon the injectant distribution. Transition Reynolds number 
•esults obtained during this program with a variable injection distribution 
:ompared favorably with the limited amount of data available for a degrading 
radel tested in a different facility. The transition measurements for a 
ionstant injection distribution wdre correlated with earlier wind tunnel results, 
n empirical correlation of heat transfer reduction due to gas injection in 
urbulent flow served well for both distributions tested. Several effects of 
lass addition on heating and transition, which have been earlier reported, 
ere observed. The simulation employed for the study of surface roughness 
equires further refinement since the heating data and the measured surface 
ressures were significantly affected by the cavity effect of the roughness 
lements used in the present program. 


INTRODUCTION 


Boundary layer transition at supersonic and hypersonic speeds has become 
f increased interest because of its importance in the design of space vehicles 
nd hypersonic inlets. The design of heat shields for space vehicles has been 
ecessarily conservative and highly speculative because the location of tran- 
ition is difficult to define and the heat transfer is strongly dependent upon 
tie state of the boundary layer. Thus, it is necessary to continue to seek 
sthods to better predict the location of transition. 

•Consultant, Assistant Professor, Dept, of Aerospace Engineering and 
lgineering Mechanics, The University of Texas at Austin. 

••Consultant , Research Assistant, Dept, of Aerospace Engineering and 
lgineering Mechanics, The University of Texas at Austin. 
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A theoretical prediction of transition is almost impossible because of the 
complexity of the transition process and the large number of important param- 
eters. Therefore, correlations of available experimental data have been sought 
to predict values of the transition Reynolds number. In obtaining the experi- 
mental data, it would be desirable to simulate in a single facility all of the 
pertinent parameters experiences in flight, but this is not possible because 
of the limitations of ground facilities. Thus, the effect of an individual 
parameter is studied by carefully varying the parameter of interest while 
attempting to hold the other parameters constant. The large number of param- 
eters and their interdependence has caused an experimental investigation of a 
single parameter to be difficult. Multiple parameter variation has led to 
many of the contradictory conclusions which appear in the literature. The 
problem is further complicated since boundary-layer transition has been related 
by some investigations to noise radiated from the tunnel boundary layer. 

Factors which affect the transition Reynolds number on cones in supersonic 
and hypersonic flow include (but are not limited to): 

(1) local Mach number, 

(2) local unit Reynolds number, 

(3) wall-to-recovery temperature ratio, 

(U) distributed surface roughness (such as a charred surface), 

(5) gaseous injection into the boundary layer (including rate and 
molecular weight of the injected gases). 

A brief review of these transition-related parameters and their expected 
effect on the transition location follows to suggest possible correlation 
parameters. 

(1) Local unit Reynolds number - Stability theory indicates that the tran- 
sition Reynolds number may depend upon the local unit Reynolds number, 
if a physical wavelength spectrum of disturbances remains fairly con- 
stant over a range of operating conditions (ref. 1). Numerous inves- 
tigators (e.g., Stainback, ref. 2 and Everhart and Hamilton, ref. 3) 
have observed an increase in the transition Reynolds number with 
local unit Reynolds number. The unit Reynolds number effect observed 
in wind tunnels has often been associated with aerodynamic noise 
radiated from the tunnel-wall boundary layer (refs, b said 5). However, 
transition data obtained by Potter (ref. 6) in a ballistic range where 
significant free-stream disturbances were absent exhibited a unit 
Reynolds number effect comparable to that observed in conventional 
wind tunnels. 

(2) Local Mach number - Although there are exceptions (e.g., ref. 2), 
ground test data indicate a marked increase of transition Reynolds 
number with local Mach number at moderate supersonic to hypersonic 
Mach numbers. 

(3) Surface temperature - The stability of a laminar boundary layer has 
been found to be significantly affected by heating or by cooling 
(usually indicated parametrically by a temperature ratio, or enthalpy 
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ratio, such as T w /T r or T w /T e ). Lees (ref. 7) found that heat-transfer 
from the fluid to the wall stabilized a laminar boundary layer for two- 
dimensional disturbances and that, if there is a sufficient amount of 
cooling, the boundary layer could be completely stabilized. Reshotko 
(ref. 8) presents data supporting the trend toward complete stabili- 
zation. Using the flight data of Rumsey and Lee (ref. 9), Reshotko 
observed that, for conditions outside the predicted region of complete 
stabilization, transition did occur (as expected), but at relatively 
high Reynolds numbers. 

However, the unqualified prediction that cooling stabilizes the 
boundary layer must be considerably modified because of the exis- 
tence of unstable higher modes, which are not stabilized by cooling 
the wall (Mack, ref. 10). Another factor which could contribute to 
the transition reversal that has been observed by numerous workers as 
the model is "cooled" (e.g. , ref. 11 and ref. 12) is the relative 
increase due to cooling in the magnitude of disturbances from fixed 
roughness (ref. 13). Since both effects could be present, problems 
in the identification of trends due to wall temperature variations 
contribute to the confusion in the literature. 

A further complication is associated with wind tunnel data. Since a 
low value of T w /T r may be obtained either by cooling the wall or by 
heating the test gas, alternative effects may arise. Wagner, et al 
(ref. 4), noted that reducing T w /T r by heating the flow significantly 
decreased Re x +r> possibly because of nonuniform mixing of the supply 
gas in the stagnation chamber. The decrease in Re Xj tr noted by Wagner 
occurred in the range 1.0 < T w /T r < 1.2, which is a’ special case with 
heat transfer from the model to the fluid. The data reported by 
Maddalon (ref. lU) later showed that temperature spotiness in moder- 
ately heated hypersonic tunnels (helium) apparently does not effect 
transition location. 

(4) Vehicle surface finish - The effects of surface, roughness for a par- 
ticular vehicle are difficult to assess. Certainly, roughness repre- 
sents a disturbance to the flow and roughness elements have often 
been used to fix the point of transition on models in the wind tunnel. 
The effectiveness of roughness in promoting premature transition has 
been found to depend on the Mach number (ref. 15) as well as the size, 
the shape, and the distribution of roughness elements. Van Driest and 
Blumer (ref. 16 ) derived an empirical relation, which was very sensi- 
tive to the temperature ratio, to define the effective roughness height. 

However, many flight vehicles of interest have relatively "smooth" 
finishes. The measured surface roughness depends radically on the 
measurement technique (ref. 17). Inadvertant blemishes (particularly 
those unrecorded) which could occur during handling and/or during 
the flight present problems in data analysis. Degrading ablative 
thermal protection systems result in an ill-defined, time-dependent 
roughness. Wilkins and Tauber (ref. 18) observed well-defined sur- 
face patterns (similar to turbulence wedges) downstream of small 
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irregularities premachined into plastic models. Analyzing data 
from blunt vehicles, Hearne, et al, (ref. 19) concluded, "There 
is a general trend for a reduced Re^ at transition with increase 
in surface roughness , but the influence is not strong" . 

(5) Gaseous injection into the boundary layer - It is obvious that the 
injection of ablation products into the boundary layer introduces a 
destabilizing disturbance. However, an increase in injection rate 
normally results in a lower surface temperature which tends to sta- 
bilize a laminar boundary layer. The injection of heavy molecules 
should produce an effect similar to cooling, i.e., an increase in 
the density of the gas near the surface. The counterbalancing of 
such stabilizing and destabilizing effects associated with injection 
has been observed experimentally by Scott and Anderson (ref. 20). 

Using a porous cone with a sharp, solid tip, the transition Reynolds 
number wan found to decrease with increased injection (initially more 
for helium than for air per unit change of injection rate). However, 
for a fixed injection rate, it was found that precooling the injectant 
muted the destabilizing effect of gas injection to the point that 
injection of relatively cool helium resulted in a transition Reynolds 
number greater than the no-blowing value. Additional studies of 
transition have been conducted with a uniform gaseous injection 
distribution for porous cones with sharp, solid tips (refs. 21 and 22). 
The sharp-cone transition Reynolds number decreased significantly with 
increasing injection rate and with decreasing molecular weight of the 
injectant. 

In a study of the combined film and transpiration cooling effects on 
a slightly blunted cone (ref. 23), premature transition due to in- 
jectants was observed. By relating the data of ref. 23 to transi- 
tion locations observed previously in the Vought Aeronautics Company 
Hypervelocity Wind Tunnel using different models, the effect of the 
injectants could be estimated. For a given mass of injectant the 
reduction in transition Reynolds number observed with a nonuniform 
injection distribution was greater than had been observed by others 
with uniform injection. The data underlined the desirability of 
obtaining transition measurements which reflect the injection dis- 
tribution without varying model geometries. 

Other studies of the effect of mass addition on boundary layer 
transition have used models made of low-temperature melting /sub liming 
materials, such as paradi chlorobenzene (refs. 2b and 25) or camphor 
(ref. 26). Although the authors of refs. 2b and 25 found that the 
transition Reynolds numbers were lower for the ablating cones , the 
high molecular weight injectant of ref. 26 gave "no significant 
effects of ablation for these test conditions" . 

During the current study heat-transfer-rate and surface-pressure distri- 
butions were measured in the Vought Aeronautics Company Hypervelocity Wind Tun- 
nel using both nonporous and porous conical models. The quantitative data 
supplemented by shadowgraphs were used to determine the effects of injection 
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(including injectant properties, mass-injection rate, and mass-injection distri- 
bution) on the surface pressures, the heat-transfer rates and the transition 
locations at a nominal freestream Mach number of 12. 

More detailed discussions of the data analysis performed at the University 
of Texas are given in references 27, 28, and 29. 


EXPERIMENTAL APPARATUS, TEST PROCEDURE, AND 
DATA REDUCTION 


The experimental apparatus consisted of the wind tunnel, the models, the 
injectant supply system, and the calibration devices. 


Wind Tunnel 

The test program was conducted in the Vought Aeronautics Company Hyper- 
velocity Wind Tunnel (HVWT) which is a modified arc-heated facility. The 
tunnel provides constant flow properties for relatively long run times by 
means of a variable- volume arc chamber. An on-site digital computer was used 
for data acquisition and reduction. A double-pass flow visualization system 
was employed to record shadowgraphs of the model boundary layer and shock 
wave pattern. A detailed description of the facility is given in refs. 30 and 
31. 


Models 

Three basic sharp-nose conic configurations were tested during this 
program. Two of the models had 0.004-inch thick nickel skin, half angles of 
5 and 12 degrees, and were used to obtain no-injection measurements. The 
third model was a 12° half-angle cone with an injectant supply system to 
allow the passage of gas through the 0.008-inch porous, sintered nickel skin. 

The thin skins were prepared for each of the models in a similar manner. 

The skin was cut from sheet stock and chromel-constantan thermocouple junctions 
were spot welded to the inner surface. For the solid models the skin was rolled 
into a cone and the butt joint on the 12° cone was secured with an electron 
beam weld and with solder on the 5° cone. These thin skin shells were over- 
layed on cones which had insulating surfaces (nylon for the 12° cone and epoxy 
for the 5° cone). The thermocouple junctions were centered over 0.125-inch 
diameter holes in the body which resulted in negligible heat loss to the body 
at the junctions. The porous skin was rolled into a cone and joined by elec- 
tron beam welding. This skin was fitted over a conic inner body machined from 
aluminum with provisions for supplying an injectant gas to a plenum under the 
porous cone. The single porous skin provided a blowing distribution which 
varied inversely with the distance from the apex. The model was subsequently 
modified by adding a second instrumented porous skin, separated from the 
original skin by a second plenum, to provide a uniform in.lectant distribution. 
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Each model was fitted with a sharp, nonporous nose section nominally k% 
of the model length. These tip sections were fabricated from stainless steel 
so that a sharp apex would be maintained during the course of the tests. 

The models had one instrumentation ray consisting of closely spaced thermo- 
couple junctions to provide a detailed heat transfer rate distribution. A second 
ray was used to obtain pressure data and for secondary heating measurements. 

The comparison of heat transfer data from the two rays provided a means for 
evaluating the flow symmetry. The surface pressures were measured with trans- 
ducers mounted within the models. 

Model dimensional data are given in Table I and an illustration of the 
transducer locations on a model is shown in Fig. 1. A drawing showing the 
internal passageways for the injectant and a photograph of the porous model 
prior to final assembly are presented in Fig. 2. Views of two configurations 
mounted in the tunnel may be seen in Fig. 3. Fig. 3a shows the basic porous 
model while Fig. 3b is a photograph of the porous model with a screen overlay 
which was used during the tests related to roughness effects. The experimental 
study of the effects of roughness was performed with two screen overlays and 
the double-skin porous model. The geometry of the roughness elements is defined 
in Table IB. 


Inject suit Supply System 

The injectant supply system for the porous model configurations consisted 
of the injectsuit reservoir, a regulator system to control the mass flow rate, a 
calibrated metering system to measure the flow rate, the model internal passage- 
way and associated plumbing, and solenoid valves to initiate and terminate the 
supply of injectant to the model. 


Calibrations 

Calibrations were conducted to obtain the injectant mass flow rate and the 
velocity distribution along the model. The flow rate was determined by measuring 
the injectant total pressure and temperature upstream of a sonic orifice of cali- 
brated effective area. This area was calibrated as a function of both supply 
pressure and gas used as injectant. The velocity distribution of the injected 
gas was measured with a compensating hot wire system which was developed by 
Vought Aeronautics Company to provide good resolution of the injectant velo- 
city at low static pressure levels. Samples of the measured injectant distri- 
butions are presented in Fig. U for a nominal injectant rate of 0.35?. The 
sharp "dips" for the A= 135° survey are located at the pressure orifices. 


Test Procedure 

Once the calibrations described above and the calibrations of the model 
and flow diagnostic transducers were completed, the test procedure was as 
follows. The injection supply system was set at the proper pressure to pro- 
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vide the desired injection rate. The tunnel was prepared for operation at the 
desired flow condition and, after the energy bank was charged and the data 
channel zeros were recorded on magnetic tape, an automatic run sequence was 
engaged. This sequence activated the injectant supply system, initiated the 
data acquisition program, fired the tunnel, and triggered the spark source for 
the flow visualization system. After the termination of the run, the sequence 
shutdown all of the tunnel systems and associated equipment. 


Data Reduction 

The data from the flow diagnostic transducers and the model pressure and 
heat transfer sensors were acquired by means of a digital computer and were 
stored on magnetic tape. Following a run, the data were retrieved and pro- 
cessed by a data reduction computer program. The flow conditions were obtained 
using the methods described in ref. 32. The heat transfer rates were determined 
from computer curve fits of the model temperature time histories and the thermal 
mass of the particular skin. 


Run Schedule 

A summary of the pertinent parameters for each run condition is given in 
Table II. 


DISCUSSION OF RESULTS 


Pressure Correlations 

The pressure measurements for the 12° cones at a nominal freestream Mach 
number of 12 and a freestream Reynolds number of 6 x 10° per foot are presented 
in Fig. 5. Included in the figure are surface pressure measurements which were 
obtained using the solid model, the porous model without injection, and the 
porous model with injection. Examination of the pressure distributions indi- 
cates that mass-injection had little or no discernable effect on the pressure. 
This is consistent with the fact that the displacement thickness of the com- 
puted viscous flow did not vary significantly over the range of mass-injection 
rates. There were some exceptions, such as the low pressure recorded at the 
forward station for a high injection rate. 

The theoretical value for the pressure coefficient at the apex is that 
for inviscid flow of a perfect gas past a sharp cone (ref. 33). To approxi- 
mate the effect of the expanding flow in the conical nozzle, the pressure was 
assumed to decrease linearly from the value computed for the apex of the model 
in accordance with the ratio of freestream values at the apex and at the base 
(solid line of Fig. 5). For the conditions of this test the freestream static 
pressure at the base was approximately 0.8 of the freestream static pressure 
at the apex. The pressure perturbations due to viscous interaction have been 
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calculated using the relations of Hayes and Probstein (ref. 3*0: 


_ M d . M 3 . VC 7 , . v 
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As would be expected at the high Reynolds numbers of this program, the effect 
of viscous interaction is relatively small. 

An experimental fairing of the pressure data was also constructed as shown 
in Fig. 5. The experimental fairing of Fig. 5 was used to compute the boundary 
conditions in a numerical solution of the viscous layer. 


Heat-Transfer Correlations 

No- injection, or reference, results .- The experimental heat- transfer-rate 
distributions for six of the "no-injection" flow conditions are presented in 
Fig. 6. Using heat-transfer distributions as a guide, boundary layer transi- 
tion occurred for all four non-injection test conditions at the higher Reynolds 
number, i.e., conditions 1, 4, 7, and 13, but did not occur for any non-injection 
runs at the lower Reynolds number. 

For the laminar portion of the model the agreement between the heat-transfer 
measurements along the two instrumented rays was considered excellent, and thus, 
the flow was clearly symmetric. However, within the transitional flow, signifi- 
cant differences often existed between the heating-rates measured at a particular 
body location on the two rays. Furthermore, although the number of thermocouples 
on the X = 135° ray was limited, even the transition "location" may differ 
somewhat from one ray to the other, viz. Fig. 6b. This was not believed to 
represent an asymmetry in the flow, but rather is a manifestation of the fact 
that the transition process takes place over a distance and is a nonlinear 
amplification of disturbances. 

The theoretical laminar heating distributions, which are included in Fig. 6, 
were calculated using three different methods: 

(1) Eckert’s reference temperature method (ref. 35) with the inviscid 
flow properties assumed constant along the cone and computed using 
the sharp cone value of the pressure (ref. 33), designated ERT, TP, 

(2) Eckert's reference temperature method with the inviscid flow 
properties computed assuming an isentropic expansion in accordance 
with the experimental pressure distribution (e.g.. Fig. 5), desig- 
nated ERT, EP, and 

(3) a numerical routine developed at the University of Texas to solve 
the laminar boundary layer equations accounting for nonsimilar 
effects which are present (ref. 36) with the inviscid flow proper- 
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ties computed assuming an isentropic expansion in accordance with 
the experimental pressure distribution (Fig. 5), designated NONSIMBL, 
EP, and 

(U) the NONSIMBL, TP nomenclature denotes the use of the numerical 
routine with the inviscid flow properties assumed constant and 
computed using the sharp cone value of the pressure (ref. 33). 

For the solid cones, i.e., conditions 1 through 6, the agreement between 
the calculated heat- transfer rates and the measured values in the laminar region 
was considered very good. The use of the experimented pressures slightly im- 
proved the correlation between the calculated and the measured heating rates. 

The two theoretical distributions based on the experimental pressures, 
i.e., ERT, EP, and NONSIMBL, EP, are almost identical, e.g., Fig. 6b. Such 
close agreement for these "no-injection" computations was not surprising, since 
the boundary layer for supersonic flow past a sharp cone is usually assumed to 
be "similar". 

For the porous cones the agreement between the calculated and the mea- 
sured heat-transfer rates was not considered good except for condition 30, 
i.e., the lower Reynolds number condition. The experimental distribution 
which closely follows the theoretical distribution indicates that the flow 
was laminar at all points. The agreement between the calculated and the mea- 
sured heat-transfer rates was considered satisfactory for conditions 7 and 13, 
i.e., the higher Reynolds number condition using a model with a single, porous 
skin and with a double, porous skin, respectively. Some deviation between the 
calculated and the measured distributions was noted and might be attributed to 
model "breathing". It was possible that the character of the boundary layer 
might have been altered by localized suction or blowing (which were balanced 
so that the net mass transfer was zero, since the injectant supply passage 
just beneath the skin was not vented). However, the effect of breathing per se 
is believed to be small. This conclusion is based on the following reasoning: 

(1) The pressure differential between the surface pressure (open 
symbols of Fig. 7) and the pressures measured using orifices 
located in the injection passage (solid symbols of Fig. 7) is 
greater near the apex. Thus, one would conclude that inward 
flow, or suction, (and, therefore, relatively higher local 
heating rates) should be greater near the apex. However, a 
comparison of the distributions (or trends) for the measured 
and the theoretical heat-transfer rates indicates the opposite, 
i.e., the increases in local heating are greatest at downstream 
locations, viz. Fig. 6d. 

(2) Additional evidence that this deviation is related to transition 
may be seen by comparing the locations of transition for the po- 
rous model as determined using the heat-transfer-rate distribu- 
tion with that determined using the shadowgraphs. If the shadow- 
graph location of transition was defined to be that point down- 
stream of which there were no traces of a laminar boundary layer. 
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then x^- r varied from O .58 ft. to 0.6l ft. for condition 13 as 
shown in Fig. 8. Assuming that the heat-transfer data indicate 
the transition location to be that point at which the heat-transfer 
data begin to deviate from a "laminar" distribution, x tr was 0.52 ft. 
This corresponds to x^ r = 0.66 xl in Fig. 6e. However, a turbulent 
burst was clearly evident in the shadowgraph at x = 0.1+0 ft., 
indicating the transition process was fairly well developed at this 
point on the A = l80° ray. Thus, at least for the no-injection 
conditions, it is believed that the "sharp" change in the heat transfer 
distribution does not necessarily provide a realistic transition 
location on the porous models. Instead, modest deviations of the 
measurements from laminar theory (which occur upstream of the "sharp" 
change and which might otherwise be attributed to experimental error) 
indicate the existence of the transition process as modified by 
slight breathing. 

Therefore, the differences between the measured and theoretical heating- 
rates which might otherwise be attributed to experimental error for conditions 
T and 13 are believed to be the result of a transition process, which may be 
modified by slight "breathing" through the porous skin. 

The fact that the transition "location" determined from the shadowgraph 
is downstream of the transition "location" determined from the heat transfer 
distribution is typical since the shadowgraph represents the end of transition 
whereas the heat transfer data were used to locate the beginning of transition. 
However, Fig. 8 does illustrate an interesting feature: the existence of a 

turbulent burst upstream of the apparent heat-transfer-determined transition 
"location". Since turbulent bursts characterize the third phase of the tran- 
sition process as described by Morkovin (ref. 37), the photograph indicates 
that the transition process is well underway at the point where the slope 
of the heat-transfer-rate distribution changes rapidly. As discussed pre- 
viously, this anomaly in the heat-transfer results is believed to reflect a 
peculiarity in the transition process (which produced subtle changes in the 
heat-transfer data) for the "no- injection" conditions of flow over porous 
models . 

Fig. 8 is representative of the quality of the shadowgraphs obtained during 
the current program. The shock wave angle was measured to be 14.5°, which com- 
pares closely with the theoretical value of ll+.3° given in ref. 33 for a 12° 
cone. No correction was made to account for the boundary layer displacement 
thickness, since it was small. 

The effect of gas injection on laminar heat transfer . - Gas injected into 
the boundary layer can significantly affect the shear stress at the wall and 
the local heat transfer for both laminar and turbulent viscous flows. Even 
the character of the boundary layer may change, since injection may promote 
early transition. Changes may also occur in the inviscid flow if the rate of 
gas injection is very high, often termed massive blowing. However, since the 
blowing rates of the present program were not sufficient to alter the inviscid 
flow, attention will be given only to the effects of injection on the viscous 
flow. Correlation parameters, which indicate the effect of mass-injection, 
depend upon the properties of the injectant, the injection rate, and the in- 
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Jection distribution. The latter is usually characterized as being in one of 
two broad classes: (l) film cooling or (2) transpiration cooling. 

Film cooling involves injecting a gas or liquid over a limited portion 
of the total surface, either tangentially or perpendicularly to that surface, 
and allowing the inject ant to be spread by the freestream gas into a thin film 
over the remainder of the surface. Several distinct trends have been observed 
in relation to film cooling: 

(1) By increasing the mass flow rate in the injection region, down- 
stream heating rates can be decreased, providing boundary layer 
transition does not occur. 

(2) Lighter gases are more effective than heavier gases in reducing 
the heat transfer rates (ref. 38). 

(3) The effectiveness of film cooling in reducing the heat transfer 
decreases with distance from the injection region (ref. 23 and 
ref. 39). 

Transpiration cooling results when injection occurs perpendicular to the 
surface over the entire surface that is to be cooled. Since the injectant is 
introduced through a porous surface, the rate of fluid injection can be adjusted 
by mechanical means. Therefore, the heating rates can be controlled by varying 
the injection rate and the temperature of the injectant. 

Several of the same trends associated with film cooling have been noted 
for transpiration cooling. More specifically: 

(1) In the laminar region, the higher the injection rate the lower the 
heating rate. That is, for a given injectant, at a given location, 
the heating rate decreases as the injection rate increases if flow 
remains laminar (ref. ItO). 

(2) The lower the molecular weight the more effective the gas is as 
a coolant (ref. 1+0 ) . At a given location, at a given injection 
rate, the lighter the gas the more reduction in heat transfer, 
providing, the flow remains laminar. This effect is present because 
the effectiveness of an injectant in reducing the heating rate de- 
pends on its ability to move away from the wall. The lighter gases 
are able to move more quickly into these regions (ref. Uo and ref. 19). 

(3) Lighter gases are more destabilizing to the boundary layer (ref. 39). 

As a result, premature transition may occur due to injection and 
turbulent heating rates might exist in a region that, without injec- 
tion, would have had lower laminar heating rates. A heavier molecular 
weight gas will give a result similar to cooling the wall (i.e., 
increasing the density near the surface), and thus, have less of an 
effect on the transition of the boundary layer (ref. 40). 

Three injectant gases were used in the present program: nitrogen (MW=28), 

methane (MW=l6), and freon (monochlorodiflouromethane-CHClF2 , MW=86). The 
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heat-transfer-rate distributions which are representative of the data of the 
present program sure presented in Fig. 9 for several conditions. Tests were 
conducted at a freestream Reynolds number per foot of about 6 x 10° for all 
three gases injected uniformly over the entire surface, i.e., the local in- 
jection rate was essentially independent of location. In addition, data were 
obtained using nitrogen injected with a variable mass-injection distribution 
at a freestream Reynolds number of 6 x 10° per foot. This variable distribu- 
tion only roughly approximated a "similar" distribution. Methane was also 
injected in a "constant" distribution with a freestream Reynolds number per 
foot of approximately 3 x 10°. The rate of mass injection was another vari- 
able of the test program. The rate of the mass injection (integrated over 
the entire cone) ranged from 0.20# to 2.1% of the freestream mass flux across 
an area equal to that of the cone base. 

The data are compared with theoretical heat transfer distributions com- 
puted using the N0NSIMBL numerical routine (ref. 36). This routine provides 
numerical solutions of a laminar boundary layer for the following conditions: 

(1) either compressible or incompressible flow 

(2) possible pressure gradient in the external flow 

(3) two-dimensional or axisymmetric configuration 

(4) arbitrary freestream gas 

(5) arbitrary injectant, injection rate, and injection-rate distribution 

(6) arbitrary wall temperature 

The solution is limited to nonreacting flows. The input for NONSIMBL includes 
the molecular weights of the stream and of the injectant gases, the gas constant 
for the stream gas, the stagnation temperature and the stagnation pressure of 
the inviscid flow (both of which are assumed constant), the static pressure 
distribution (from which the edge properties are calculated assuming isentropic 
expansion or compression), the mass-injection distribution, and the wall-temper- 
ature distribution. Also input are the specific heat, the viscosity, and the 
thermal conductivity for both the stream and the injectant gases. Since these 
properties were calculated using temperature-dependent polynomial approximations, 
it was possible to utilize real gas values for the specific heat, the viscosity, 
and the thermal conductivity. 

As can be seen in Fig. 9, there is relatively good agreement in the 
laminar region between the data and the theoretical values predicted by 
NONSIMBL for all but one run condition. The exception is for the highest freon 
injection. Fig. 9e, which will be discussed later. In Fig. 9a the agreement may 
not seem acceptable until one realizes that except for the first thermocouple 
the measurements are either in the transitional or in the turbulent region. 

The effect on the heat transfer of increasing the injection rate is shown 
for a uniform injection in Fig. 10 and for variable injection in Fig. 11. Only 
data for those thermocouples in the laminar region are presented. The data for 
runs with methane, nitrogen, and freon with a "constant" mass injection distri- 
bution at a freestream Reynolds number per foot of approximately 6 x 10° are 
presented in Fig. 10. The Reynolds number is also 6 x 10^ for the data of Fig. 11, 
but with nitrogen injected with a "similar" (variable) mass injection distribution. 
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For each of these conditions NONSIMBL indicates that, had the boundary layer 
remained laminar, "blow-off" would have occurred at the highest injection rate, 
as evidenced by the fact that the Stanton number went to zero. Note that the 
agreement between theory and experiment in the laminar region is extremely 
good for the no-injection and for the highest injection cases, e.g., Fig. 10b. 
However, the agreement is not as good for the lower injection rates. A pos- 
sible source of this discrepancy at the lower injection rates may be due to 
possible differences between the calibrated injection distribution, which was 
used as input for NONSIMBL, and the actual injection distribution which existed 
during the test. Although the total flow rate (as indicated by C^) was mea- 
sured during each test and was therefore known, it was not possible to measure 
the actual injection distribution. The differences are believed to be small, 
since the measured heating rates do not differ radically from the computed 
values . 

It might be noted that for "similar" injection of nitrogen, no heat- 
transfer measurement appears in Fig. 11 for the maximum injection rate, i.e., 
condition 10 for which = 2.1%. For this condition the experimental heat- 
transfer-rate distribution indicated that the first thermocouple was in the 
transitional zone. The theoretical heat- transfer-rate distribution indicated 
that "blow-off" would have occurred prior to the first thermocouple had the 
boundary layer remained laminar. 

These figures concur with two findings often appearing in the literature, 
namely that as injection rate is increased the laminar heating rate (repre- 
sented by the Stanton number) decreases and the onset of transition moves for- 
ward. 


The effect of the molecular weight of the inject ant on the l ami nar heating 
rates is indicated in Fig. 12 where the Stanton number distribution is presented 
for no-injection, freon, nitrogen, and methane injected with a "constant" dis- 
tribution at a Reynolds number per foot of approximately 6 x 10 . It can be 
seen that at a particular laminar station the lighter gas is more effective in 
reducing the heat transfer. It might also be noted that the lighter the gas, 
the more quickly the flow transits. 

Finally, the effect of different mass-injection distributions is seen by 
comparing Fig. 10b with Fig. 11. These figures indicate that near the apex 
where the injection is at a peak for the "similar" distribution (Fig. 11) the 
heating rates are less than the heating at the same locations for the "constant" 
distribution (Fig. 10b). However, the "constant" distribution causes the greater 
reduction in the heat transfer rates further downstream, because for a given 
total mass-injection rate the local injection rate over the last four-fifths of 
the model will be greater for the "constant" than for the "similar" mass injec- 
tion distribution. 

Although the theory, as represented by NONSIMBL, was considered to be a 
reasonable representation of the data on an individual basis, more general 
correlations were sought. Since it has been widely uti lized in the literature , 
e.g., ref. 19 and ref. Ul, the term ( p w v w/ Pe u e) ~\[ Re x was a component of the 
initial correlating parameter. This parameter also included a factor to account 
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for the difference between the molecular weight of the injectant and that of the 
stream gas, (MW § + r /MWi n j ) 0,2 ^, and a factor to account for the non-porous region 
near the apex, {(x-x 0 )/x) 0, 5°. As can be seen in Fig. 13, the ratio of Stanton 
number with injection to Stanton number without injection decreased as the in- 
jection parameter increased. An increase in ( P w v w / P e Ug) indicates directly 
that the local injection is increased and the terms (Re x )°*50 and ( (x-x 0 )/x)°. 50 
increase as one proceeds downstream, i.e., as the boundary layer thickens for 
a particular test condition. This figure includes laminar data from all con- 
ditions that had a "constant" mass-injection distribution. The shaded band was 
obtained using theoretical values of the Stanton numbers generated by NONSIMBL 
using the calibrated mass-injection distribution for the test condition. Part 
of the breadth of the theoretical band is attributed to the variations in flow 
conditions from one run to another and to the fact that the injection distri- 
butions were not truly constant. The results where the Stanton number ratio is 
greater than one axe those from thermocouple number one (with the exception of 
condition 22, which was obtained using thermocouple number two). Thermocouple 
number one was nearest the apex and frequently indicated heating rates which 
differed significantly from theory (refer to Fig. 9) • Also, it should be noted 
that condition 16 (the highest injection rate using freon) exhibits the greatest 
disagreement with the theoretical band. As previously mentioned, the only run 
in which the experimental heat-transfer rate distribution disagreed radically 
with the theoretical distribution was the highest freon injection. In this 
case the theory underpredicts the data considerably. However, in Fig. 9c the 
theoretical values for the highest nitrogen injection rate (condition 19) agree 
with the measurements. By comparing condition l6 in Fig. 9e with condition 19 
in Fig. 9c, it can be seen that the theoretical heating rate distributions 
appear qualitatively correct in that for a given injection rate and freestream 
condition, the heavier molecular-weight injectant (in this case freon) is less 
effective in reducing the heating rate. Thus, the theoretical distribution for 
the highest freon injection run appears to be correct. The lack of correlation 
of the high injection freon data in Fig. 13 reflects the disagreement between 
theory and data with high freon injection in Fig. 9e. It is considered that 
the differences between other experimental and theoretical values in Fig. 13 
result primarily from the possible deviation between the mass injection dis- 
tribution input for the numerical solution and that which occurred during the 
test. 


The correlation parameter used in Fig. 13 was also employed with the heat 
transfer reduction data for the "similar" mass injection distribution. However, 
it was apparent that a different parameter was required to obtain an acceptable 
correlation. It was found that these data could be correlated more satisfac- 
torily with a parameter that included the total mass injected, C^, the Reynolds 
number, the distance to the particular station, and the ratio of the product 
of the velocity and density at the edge of the boundary layer to the product of 
the velocity and density in the freestream. Fig. lit indicates thal; as this 
parameter increases, the ratio of Stanton numbers decreases. This parameter 
is similar to those used to correlate data from film cooling investigations 
(ref. 23). The success of this parameter in correlating the present data was 
attributed to the peculiar injection distribution. The relatively large local 
injection rate near the apex for the "similar" injection distribution appeared 
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as film cooling to the thermocouples of the laminar region, all of which were 
located just downstream of the high injection-rate region. 


The effect of gas injection on turbulent heat transfer . - Heating rates 
indicative of fully turbulent flow were obtained at two thermocouples for the 
no-injection run at the high Reynolds number condition, ReQQ/ft = 6 x 10°. 

Since gaseous injection induced early transition, the boundary layer at these 
two thermocouples would be turbulent for tests with injection also. Therefore, 
one could analyze the heating-rate measurements at these two thermocouples to 
establish the effect of mass-injection on turbulent heat transfer. 

The reduction in heat-transfer due to mass-injection (in the form of the 
ratio of the Stanton number in the presence of mass-injection to the Stanton 
number measured at the same thermocouple without injection) is presented in 
Pig. 15. The injection-rate parameter used is that used by Baronti, et al, 

(ref. U2) , i.e. , 

P,U e St . 

Included for comparison with the present data is a band representing the ex- 
perimental results from a variety of reports as summarized in ref. k2. Although 
the injection-rate parameter does not include a factor to reflect the use of 
different injectants, Baronti, et al, note "as is expected, significant Mach 
number and molecular weight effects are obtained". The data from the present 
program clearly indicate the need to consider the properties of the injectant. 

The reduction in heat transfer is presented in Fig. 16 as a function of 
an injection rate parameter which includes 


P v / C . . 
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The use of the specific-heat ratio as the pertinent correlation property for 
turbulent flow has been suggested by Hearne, et al, (ref. 19), among others. 
As can be seen, the correlation is significantly improved by the inclusion of 
a specific-heat ratio in the injection-rate parameter. 

As noted, only the last couple of thermocouples for the noninjection 
run were in turbulent flow. Using these heating rates as a reference may 
produce misleading results, since the noninjection data may be in the local 
"peak" heating zone typical of the end of transition. Therefore, caution is 
advised in using the results of Figs. 15 and 16. 


the injectant, 

) . 
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Boundary Layer Transition Correlations 

Three methods were used to determine the "location" of transition of the 
boundary layer. They were: 

(1) the point at which the heat-transfer data first deviated from 
the laminar distribution, 

(2) the point at which the heat transfer data indicated the flow 
was completely turbulent, and 

(3) the point on the shadowgraph downstream of which the boundary 
layer appeared to be completely turbulent. 

The transition locations determined by the second and third methods usually 
agreed within the ability to define the location. Thus, the location determined 
by these two methods was assumed to be the end of the transitional zone. The 
location of transition determined by the first and the third methods are presentee 
in Table III. The individual values appearing in this table were obtained by 
averaging the transition data whenever there was more than one value of the 
transition location available. For example, the shadowgraph locations in Table 
III are the average of the values obtained for two rays ( X = 0° and X * l80°) 
in each of the shadowgraphs and the heat transfer determined locations were 
obtained from the two instrumented rays. Also, if a particular condition had 
repeat runs, the data obtained from all of the runs were averaged. 

The flow field as indicated by the shadowgraph and the heat transfer dis- 
tribution are compared in Fig. 17. The results, which are typical, are for 
constant nitrogen injection = 0 . 32 $. The transition locations determined 
by the three methods may be seen. The onset of transition as determined by 
the deviation from the laminar heating distribution is upstream of the tran- 
sition locations determined using the other two criteria. Furthermore, it 
is difficult to confidently distinguish between the transition locations of 
these two criteria. 

In Fig. 17 it should be noted that between the transition location deter- 
mined by heat transfer data and the location determined by the shadowgraphs 
are two turbulent bursts. Numerous turbulent bursts were observed in the tran- 
sitional boundary layer for those tests with mass injection. For the injection 
runs the bursts always occurred between the heat-transfer-determined beginning- 
of-transition location and the end-of-transition location determined from the 
shadowgraph. 

In addition. Table III includes values of other transition related param- 
eters. These are the freestream Mach number, the freestream unit Reynolds 
number, the local Mach number, the local unit Reynolds number, the ratio of the 
wall-to-stagnation- temperature, the integrated transition Reynolds number based 
on wetted length to transition, the transition value of the displacement thick- 
ness Reynolds number, and the momentum thickness Reynolds number. The displace- 
ment thickness and the momentum thickness at the transition location were com- 
puted using the numerical code. Values are presented for the transition loca- 
tions as determined using the heat-transfer-rate distributions for the porous 
models (conditions 7 and 13), but the previous discussion concerning the in- 
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fluence of the porous surface should be considered. 


No-in.lection, or reference, results . - Determining the effect of the in- 
jectant properties, the mass-injection rate, and the injection distribution on 
boundary layer transition was one of the primary objectives of the contractual 
effort. To establish the effect of gas injection on a particular transition 
parameter, it is first necessary to determine the "no-injection" value of that 
parameter at the same flow conditions. To establish the "validity" of these 
reference values of the transition Reynolds number, comparisons were made with 
the results available in the literature for comparable conditions. The word 
validity is in quotes because of the controversy concerning the relation of 
tunnel noise to transition measurements made in wind tunnels. No attempt was 
made to establish the validity of the transition measurements in the absolute 
sense, but it was shown that the transition Reynolds numbers from the present 
program are consistent with previous results and, therefore, serve as a sat- 
isfactory reference to establish the effect of gas injection. 

The transition Reynolds number based on local flow properties at the edge 
of the boundary layer and the displacement thickness is presented in Fig. 18 
as a function of the local, inviscid Mach number. The shadowgraph-determined 
locations compare favorably with the values obtained previously in the HVWT 
(ref. 43). The data also compare favorably with the correlation from a sum- 
mary of wind tunnel data which appeared in ref. 44. Satisfaction with this 
favorable comparison is tempered when one considers that the summary correla- 
tion represents a broad range of acceptable values. 

Of the numerous transition investigations reported in the open literature 
it was to be expected that several would include flow parameters comparable to 
those of the present program which were nominally a local Mach number of 7 or 
10, a local unit Reynolds number of 10 x 10°/ft, and a temperature ratio of 
0.l6. The limited non-injection data are seen to agree favorably with the lit- 
erature as shown in ref. 27. 

Effects of gas injection on transition . - Using the departure of the heat 
transfer data from the laminar distribution to indicate the beginning of tran- 
sition and the shadowgraph locations to indicate the end of transition, the 
ratio Re x ^/Re x ^ (an indication of the length of the transitional zone) 
was calculated. Fig. *19 presents this ratio for the various injectant gases at 
the different injection rates. In addition to the data from the present test, 
the correlation for no-injection data of ref. 45 is also presented in this 
figure. The transition length ratio for the no-injection test of the present 
program agrees with the no-injection correlation of ref. 45. The data of 
Fig. 19 indicate that, for a particular injectant, as the injection rate in- 
creases, the length of the transitional zone decreases. As would be expected, 
the similar mass-injection distribution gave results that did not correlate 
well with the data from the "constant" mass-injection distribution, but did 
indicate the same general trend of decreased transitional zone length with 
increased injection for a given onset-of- transit ion Reynolds number. 

Table III permits a careful examination of the effect on transition of 
mass injection rate, injectant, and mass-injection distribution, since it 
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presents transition locations for all the conditions tested. Also presented 
in the table are values of two other transition parameters, Reg*^ and Re^tr* 
The values of the displacement thickness and the momentum thickness used to 
calculate these transition Reynolds numbers were computed using NONSIMBL. 

As can be seen in Table III, as the injection rate increases, using a 
particular injectant the transition Reynolds number decreases for all three 
gases tested. This effect is present even for freon (MW = 86) , the heaviest 
gas used in this program. It is noted that Mateer and Lawson (ref. 26) re- 
ported "no significant effect of ablation for these test conditions", but these 
data were for a very high molecular weight gas (camphor, MW = 152). Also, it 
can be seen by comparing the results for the two types of nitrogen mass-injec- 
tion distribution that the "similar" distribution induces transition earlier 
than the "constant" distribution for a given total amount of injection. Be- 
cause the "similar" injection distribution caused transition to occur so early, 
the procedures used to define the transition locations had to be modified for 
conditions 9 and 10. As previously mentioned, the first thermocouple was in 
the transitional zone for the maximum injection case (condition 10). Therefore, 
the intersection of the fairing of the measured heating rates in the transitional 
zone with the theoretical laminar distribution was assumed to be the transition 
location for the "heat-transfer method". Because transition occurred upstream 
of the shadowgraph field of view for conditions 9 and 10, the "point" at which 
the experimental heat-transfer distribution indicated the boundary layer was 
turbulent was assumed to represent the shadowgraph value of the transition 
location for Table III. Finally, Table III allows some insight into the effect 
of the type of injectant on the transition point. The results for "constant" 
mass-injection distribution of nitrogen and methane at a given injection rate, 
indicate that the lighter gas causes earlier transition, as often noted in the 
literature . 

As with the heat-transfer-rate distribution data, an effort was made to 
correlate the transition Reynolds number data. The reduction in the transition 
Reynolds number for the tests with constant injection is presented in Fig. 20 
as a function of F, where 
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and the data of ref. 22, which also were for a "constant" injection distri- 
bution. The transition location for the data presented from ref. 22 were 
determined using the beginning of transitional- zone heat-transfer methods. 

The shadowgraph value of the transition Reynolds numbers for the tests with 
injection were referenced to the transition Reynolds number with no injection 
obtained by using the shadowgraphs from condition 13. The heat-transfer-rate 
determined transition Reynolds numbers for injection tests were referenced to 
the transition Reynolds number with no injection from condition H. The phi- 
losophy of these choices is based on the results briefly described earlier and 
in detail in ref. 28. 

For tests at the lower Reynolds number, i.e., Re^/ft = 3 x 10^, transi- 
tion occurred only for the higher injection rates of methane. Therefore, cor- 
relations of the effect of injection on the transition criteria could not be 
made, since the "no-injection" reference values were not available. 

The data of Fig. 20 indicate that the length of laminar flow decreases as 
the parameter F, modified by the usual molecular weight ratio, increases. These 
"constant" injection data are considered to be in relatively good agreement with 
the correlation of Marvin and Akin for the three injectants. 

Data for the "similar" mass-injection distributions are shown in Fig. 21. 

It should be noted that a significantly greater reduction in the transition 
Reynolds number resulted for a given amount of mass injection (integrated to 
the transition location), because of the relatively large amount of injection 
near the apex for the "similar" mass injection distribution. It seems logical 
that relatively large local injection into the thin viscous layer near the 
apex would accentuate the destabilizing effect of injection. It is felt that 
the same parameter would not adequately correlate data obtained with the two 
different mass injection distributions. The inadequacy of a single correlation 
parameter was also noted in the discussion of the heat-transfer-rate distribu- 
tions. 

Data from ref. 25 are also presented in Fig. 21. Since these data are from 
an ablating cone of paradi chlorobenzene, the amount of gas injected into the 
boundary layer is dependent on the local heat transfer rate, i.e., is a func- 
tion of x, and the' mass injection rate is greatest near the apex. Thus, the 
distribution of ref. 25 is of a somewhat similar nature to the variable injec- 
tion distribution of the present program. However, the non-degrading region 
near the apex represented 23$ of the ablating models of ref. 25, but only 
about k% of the models of the present program were nonporous. The agreement 
between the data of ref. 25 and those of the present program is considered to be 
relatively good (Fig. 21), considering the differences between the two tests. 

The transition data for the "similar" mass injection runs of the present 
program are presented in Fig. 22 as a function of C^/Ay ^ r , where A^ ^ is the 
wetted area up to transition. The correlation provides ’little insight into the 
behavior of the viscous flow. As can be seen in Fig. 22, the distance to tran- 
sition in the presence of the two high injection rates, i.e. Cj of 0.70$ and 2.1%, 

does not change appreciably, although the injection parameter does. Due to 
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the locally high injection rates near the apex in the "similar" mass injection 
distributions, the boundary layer tends to be "blown-off". Because of this 
it is considered that premature transition is due to a "tripping action" of 
the injection, as opposed to a multi-stage breakdown of the laminar flow. 

Fig. 23 presents Reg tr as a function of the correlation parameter F. 

Also presented in Fig. 23’ as solid symbols, are data from ref. 22. All the 
data were obtained with a "constant" mass injection distribution. The methane 
data from the present program suggest that there is a reduction in Reg as F 
increases. However, the transition Reynolds number for the data from ^he 
nitrogen runs appeared to be independent of F. The freon data indicated an 
increase by Reg as F increased. The variations are such, however, that one 
could assume that the transition Reynolds number based on momentum thickness 
was essentially independent of F. 


Surface Roughness 

The surface roughness of a particular vehicle is a difficult parameter to 
assess. Certainly, roughness represents a disturbance to the flow and roughness 
elements have often been used to fix the point of transition on models in the 
wind tunnel. The effectiveness of roughness in promoting premature transition 
has been found to depend on the Mach number (ref. 15) as well as the size, the 
shape, and the distribution of roughness elements. Van Driest and Blumer 
(ref. 16) derived an empirical relation, which is very sensitive to the temper- 
ature ratio, to define the effective roughness height. 

For a degrading ablative thermal protection system, the surface roughness 
poses an ill-defined, time-dependent problem. In an attempt to simultaneously 
simulate both the roughened surface of the degrading ablator and the gaseous 
injection of the ablation process, a fine mesh screen was overlayed on the 
porous skin of the 12° cone with constant injectant distribution. The char- 
acteristics of the two screens which were used are given in Table I. Surface- 
pressure and heat-transfer-rate distributions and shadowgraphs were obtained 
for the test conditions of Table II. 

The surface pressure distributions for the tests at the low Reynolds number 
are presented in Fig. 2k. For the ^-screen the experimental values of the 
pressure coefficient were consistently lower than the results obtained with the 
smooth model. With the exception of the measurements from the middle orifice 
(where later examination revealed a scorch pattern) the pressure coefficients 
for the model with the K^-screen were likewise lower than the values for the 
smooth models. These pressure measurements (together with the heat-transfer 
data) suggest that the flow over a screen element behaved much like the flow 
over a cavity. 

Because the screen elements created continuous disruptions which prohibited 
the establishment of a well-behaved boundary layer, it was difficult to assess 
the effect of the upstream boundary layer on the flow field in the "cavity". 

The diameter of the screen wire was approximately equal to the computed value 
of the displacement thickness at the first thermocouple for the smooth model 
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and was approximately one-fourth the computed displacement thickness for the 
last thermocouple of the smooth model. 

Measurements are available (ref. 1*6) for the pressure distribution in an 
isolated rectangular cavity with a relative geometry approximately that of a 
single screen element. The length-to-depth ratios for the elements of the 
and Kg screens were 6.1 rad 6.9, respectively. The static pressure in the 
center of a cavity with a length-to-depth ratio of 5 is approximately 0.95 of 
the static pressure at the separation step while the pressure at the base of 
the recompression step of the cavity is approximately 1.1 times the static 
pressure at the separation step. Thus, the relatively high pressure measured 
at the middle orifice of the screen covered model and the accompanying scorch 
pattern noted on the model surface sure probably associated with the recompres- 
sion step of the cavity formed by a screen element. The remaining pressure 
data are typical of measurements along the floor of a cavity. 

Because the flow field exhibited chsuracteristics of flow over open cavities 
the significance of the effect of the combined mass injection sind surface rough- 
ness on the heat-transfer-rate distributions was somewhat obscured. The test 
conditions of the run schedule (Table II) were selected to provide data for: 

(1) two surface roughnesses at the same nominal stream conditions with 
no injection, i.e., conditions 25 and 29 and 

(2) the effect of mass-injection for a given surface roughness with the 
same nominal stream conditions, i.e., conditions 20 and 21, conditions 
25 and 26 (Fig. 25), and conditions 29 and 32. 

Examination of the data presented in Fig. 26 indicates that the heat- 
transfer-rate distributions were approximately the same with no injection for 
both roughness elements although the wire diameters and mesh were substantially 
different for the two element configurations. However, the similarity of results 
is not unexpected if the flow views the screen elements as a series of cavities, 
since the length-to-depth ratio for the elements of the two screens are approxi- 
mately equal. 

Although the "cavity effect" apparently dominated the heat-transfer data 
(so that the heat-transfer rates on the screen-covered model were less than the 
laminar heat-transfer rates on the smooth model at the same stream conditions), 
it was established that: 

(1) roughness elements greatly reduced the transition Reynolds number, 

(2) gaseous injection through the porous, screen-covered surface further 
reduced the transition Reynolds number, and 

(3) gaseous injection slightly reduced the heat-transfer to the screen- 
roughened models at all thermocouples. 

The two methods used to determine the "location" for transition of the 
boundary layer for this portion of the program were: 

(l) the point at which the heat-transfer data first deviated from the 
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"laminar" distribution* and 

(2) the point on the shadowgraph downstream of which the boundary layer 
appeared to be completely turbulent. 

The transition locations and the corresponding transition Reynolds numbers are 
presented in Table III. As was the case for the smooth models, the transition 
Reynolds number determined using the "heat-transfer" method was less than that 
determined using the "shadowgraph" method. Because the surface roughness radi- 
cally altered the viscous flow field, values of the properties at the edge of 
the boundary layer and the transition Reynolds numbers based on displacement 
thickness and on momentum thickness were not computed. 

A further discussion of the analysis of the results obtained during this 
phase of the program is given in ref. 29- 


•Since the screen overlay caused the measured heat-transfer-rate distri- 
bution to deviate so radically from the computed laminar distribution, the ap- 
plicability of these transition results to other roughness situations is ques- 
tionable. 
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CONCLUSIONS 


Based on the data and analyses presented herein the following conclusions 
are made for the configurations and test conditions of this program. 

1. Gaseous injection had little effect on the surface pressure measurements. 

2. The agreement between the theoretical and the experimental heat-transfer 
rate in the laminar region was acceptable, with the exceptions of the 
heat-transfer data for the higher rates of freon injection and for screen 
overlayed roughness models. 

3. For a given mass injection rate in a given distribution the laminar 
region heat transfer decreases as the molecular weight of the inject ant 
decreases. 

4. For a given inject ant in a given distribution the laminar region heat 
transfer decreases as the injection rate increases. 

5. A satisfactory empirical correlation of heat transfer reduction in 
turbulent flow with gas injection was obtained by including the specific- 
heat ratio in the injection-rate parameter. 

6. For a given mass injection rate in a given distribution the transition 
Reynolds number decreases as the molecular weight of the inject ant 
decreases. 

7. For a given injectant in a given distribution the transition Reynolds 
number decreases as the injection rate increases. 

8. The heating rate distributions confirmed that the shadowgraphs reliably 
locate the end of transition and that turbulent bursts were normally 
located in the transition zone. 

9. The momentum thickness transition Reynolds number for the methane 
injection runs indicate that there is a slight reduction in Re g 
as F increases. However, the momentum thickness Reynolds number’ 
for the data from the nitrogen runs appeared to be independent of F. 

10. For a given mass injection rate (integrated over the surface of the 
entire cone), the transition location and heat transfer rates are 
sensitive to the mass injection distribution. The transition Reynolds 
numbers were significantly greater when the local injection rate was 
constant over the surface of the cone, i.e., P w v w = C, than when the 
local injection rate decreased rapidly with distance from the apex. 

11. Transition Reynolds number results obtained with a constant injection 
distribution correlated well with previously published results for 
other gases in a different facility. 
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12. Transition Reynolds number results obtained with a variable injec- 
tant distribution were ocrrelated with a limited amount of data 
available for a degrading model tested in a different facility. 

13. For a particular injectant the length of the transitional zone 
decreases as the injection rate increases. 
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TABLE I. - MODEL SUMMARY DATA 


A. Basic Models 


Skin Material 

Skin Thickness 
In. 

0c 

deg. 

Base 

Diameter 

In. 

No. of Sensors 
on Primary Heat 
Transfer Ray 

Inject ant 
Distribution 

Solid Nickel 

0.004 

5.0 

2.615 

15 



Solid Nickel 

0.00U 

12.0 

3.950 

15 

— 

Sintered Nickel 
(Porous, Single Skin) 

0.008 

12.0 

3.950 

20 

Variable 

Sintered Nickel 
(Double, Porous Skin) 

0.008 

12.0 

1+.028 

20 

Constant 


Primary heat transfer ray was A = 0° for all models 
Primary pressure ray (secondary heat transfer ray) 
was A = 135° for all models except the last which was 
A = 225° 

B. Screen Overlays 


Overlay 

Wires/inch 

Wire Diameter 



in. 

K 1 

28 

0.005 

K 2 

14 

0.009 
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TABLE III. - TRANSITION RELATED PARAMETERS 
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All Dimensions in Inches 


Inner Porous Skin 


Outer Porous Skin 


Supply Tube 


FIGURE 2a INJECT ART PASSAGEWAY IN THE DOUBLE-SKIN MODEL 


FIGURE 2b DOUBLE-SKIN MODEL PRIOR TO FINAL ASSEMBLY 





Total Pressure Probe 


Total Temperature Probe 


FIGURE 3a DOUBLE- SKIN MODEL IN THE TUNNEL TEST SECTION 


Total Temperature Probe 


Total Pressure Probe 




FIGURE 3b DOUBLE SKIN MODEL WITH A SCREEN OVERLAY IN THE TUNNEL TEST 
SECTION 








FIGURE Ua MEASURED "SIMILAR" (VARIABLE) 3NJECTANT DISTRIBUTION 






FIGURE 4b MEASURED CONSTANT (UNIFORM) INJECTAOT DISTRIBUTION 
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FIGURE 5 COMPARISON OF THE EXPERIMENTAL AND THE THEORETICAL 
SURFACE PRESSURE DISTRIBUTION 
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M Q0 = 12 Re^j / f t * 6 x 10 
O Condition 7, Run 4, Single porous skin 
ACondition 13, Run 35, Double porous skin 
□ Condition 13, Run 29, Double porous skin 
Solid symbols denote internal pressures 
Open symbols denote surface pressures 
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FIGURE 7 COMPARISON OF THE DISTRIBUTION FOR THE SURFACE 
AND THE INTERNAL PRESSURES FOR POROUS MODELS 
WITH NO INJECTION 
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FIGURE 9 


(a) Condition 9 

COMPARISON OF THE EXPERIMENTAL AND THE THEORETICAL 
HEAT-TRANSFER-RATE DISTRIBUTION 





x, inches 

(b) Condition 15 
FIGURE 9 CONTINUED 





x, inches 

(c) Condition 19 
FIGURE 9 CONTINUED 




x, inches 

(d) Condition 27 
FIGURE 9 CONTINUED 
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x, inches 


(e) Condition 1 6 
FIGURE 9 CONCLUDED 




St x 10 



(a) Methane 

FIGURE 10 COMPARISON OF THEORETICAL AND EXPERIMENTAL HEAT- 
TRANSFER-RATES WITH A CONSTANT MASS -INJECTION 
DISTRIBUTION 
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(c) Freon 

FIGURE 10 CONCLUDED 


St x 10 



FIGURE 11 COMPARISON OF THEORETICAL AND EXPERIMENTAL HEAT 
TRANSFER-RATES FOR "SIMILAR" MASS -INJECT ION OF 
NITROGEN 
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FIGURE 12 COMPARISON OF THEORETICAL AND EXPERIMENTAL HEAT 
T RANSF ER-RATES FOR CONSTANT MASS -INJECT ION OF 
DIFFERENT GASES 
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FIGURE 13 EFFECT OF GAS INJECTION ON THE LAMINAR STANTON 
NUMBER, CONSTANT MASS INJECTION DISTRIBUTION 





FIGURE 14 THE EFFECT OF GAS INJECTION ON THE LAMINAR STANTON NUMBER 
"SIMILAR" MASS INJECTION DISTRIBUTION 






FIGURE 15 STANTON NUMBER REDUCTION DUE TO MASS-INJECTION FOR FULLY 





Nitrogen - "similar" - left filled Metha 
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FIGURE 16 STANTON NUMBER CORRELATION OF THE EFFECT OF MASS-INJECTION 
ON FULLY TURBULENT FLOW 
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FIGURE IT COMPARISON OF THE HEAT -TRANSFER-RATE DISTRIBUTION AND THE 
SHADOWGRAPH FOR CONDITION 17, « U-9, Re^ /ft = 6.77 

Ci * 0. 32$, UNIFORM NITROGEN INJECTION 



Solid symbols determine transition 
location using heat-transfer distri- 
bution, open symbols use shadowgraph 



FIGURE 18 CORRELATION OF TRANSITION DATA FOR SLENDER CONES 









FIGURE 20 THE VARIATION OF TRANSITION REYNOLDS NUMBER WITH THE 
CORRELATION PARAMETER OF REF. 22, CONSTANT MASS- 
INJECTION DISTRIBUTION 










Solid symbols denote data from Ref. 22 



F, percent 

FIGURE 23 THE VARIATION OF TRANSITION REYNOLDS NUMBER WITH INJECTION 
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Pairing of smooth model data 






FIGURE 25 THE EFFECT OF MASS -INJECTION ON THE HEAT-TRANSFER- 
RATE DISTRIBUTION FOR ROUGHENED CONE 


TO 




FIGURE 26 THE EFFECT OF SURFACE ROUGHNESS ON THE NON-INJECTION 
HEAT-TRANSFER-RATE DISTRIBUTION 
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